The ATR kinase has essential functions in maintenance of genome integrity in response 31 to replication stress. ATR is recruited to RPA-coated single-stranded DNA at DNA damage sites 32 via its interacting partner ATRIP, which binds to the large subunit of RPA. ATR activation 33 typically leads to activation of the Chk1 kinase among other substrates. We show here that, 34
INTRODUCTION 65
In response to DNA damage stimuli and infection by DNA viruses, cells mount a 66 complex signaling cascade called the DNA damage response (DDR) that results in alterations in 67 a myriad of cellular activities including cell cycle progression, DNA repair, and in some cases 68 apoptosis (1, 2). The DDR is orchestrated by a series of post-transcriptional modifications 69 including phosphorylation, ubiquitination, and sumoylation, which lead to accumulation of 70 checkpoint, DNA repair, and other effector proteins at the vicinity of the DNA lesion (3, 4) . At the 71 core of this response are a number of well conserved phosphatidylinositol 3 kinase-related 72 kinases (PIKKs) which coordinate the DDR following their rapid redistribution to the site of the 73 DNA lesion. Once there they phosphorylate a number of cellular targets including local 74 chromatin components (5). The three major PIKKs which control DDR signaling are ataxia 75 telangiectasia mutated (ATM), ataxia telangiectasia and Rad-3 related (ATR), and DNA 76 dependent protein kinase (DNA PK) (6) (7) (8) . ON-TARGET plus SMART pool siRNAs directed against human and mouse ATR were obtained 151 from Dharmacon. Negative control siRNAs were obtained from Qiagen. Cells were transfected 152 using HiPerfect reagent (Invitrogen) as previously described (33) . 153
Immunoblot analyses: 154
Cells grown and infected in 60 mm dishes were harvested and lysed in RIPA buffer containing 155 protease and phosphatase inhibitors. Protein concentration was determined by Bradford assay. 156
For the experiment described in Figure 2A , whole cell lysates were prepared by lysing cells 157 directly in 2% SDS lysis buffer. Western blot analyses were performed as previously described 158
(26). 159

Cell fractionation and ATR phosphorylation assay: 160
Cell fractionation experiments were performed using previously described cell fractionation 161 protocols, and assessed by monitoring the presence or absence of chromatin associated 162 histone H3 (41, 42) . The chromatin pellet (P3 fraction) was resuspended in 2% SDS lysis buffer 163 and processed for western blot analyses. Determination of ATR phosphorylation status was 164 modified from a previously described protocol (43). Briefly, after fractionation of harvested cells 165 as described above, the chromatin pellet (P3 fraction) was resuspended in Tris lysis buffer 166 (containing 10 mM Tris pH 8.0, 150mM NaCl, 10 mM EDTA, and 1% NP40) with 2% SDS. 167
Samples were boiled and then diluted with Tris lysis buffer without SDS to a final SDS 168 concentration of 0.2%. Lysates were immunoprecipitated using 4 µg of ATR antibody overnight 169 at 4 o C and pulled down with protein G beads. After extensive washing, beads were 170 resuspended in protein loading buffer and processed for western blot analyses. Assays were performed as previously described (39) . Briefly, cells were grown on cover slips in 174 6-well plates, washed, pre-extracted in CSK buffer (39) to remove soluble, non-chromatin 175 associated proteins, then fixed in 4% paraformaldehyde. Antibodies were diluted in 3% bovine 176 serum albumin (BSA) in phosphate buffer saline (PBS). Nuclei were visualized by staining with 177 DAPI. Coverslips were mounted in Floromount-G (Southern biotech) and images were obtained 178 using a Zeiss LSM 5 live confocal microscope. All images were captured using an objective of 179 63x. 180
181
RESULTS
182
Viral replication is insufficient for Chk1 activation during MVM infection. 183
We have previously reported that MVM infection results in ATM-mediated 184 phosphorylation of a number of DDR-related proteins including p53 and the checkpoint kinase 185 Chk2 (26). As discussed, replication of the single-stranded MVM genome, which proceeds 186 through the displacement of single-stranded MVM DNA presumably coated with cellular RPA, 187 would be predicted to recruit ATR and potentially activate its downstream target Chk1. However, 188 our previous results did not identify a role for ATR activation in MVM replication, nor did we 189 detect Chk1 phosphorylation following MVM infection (26). This suggested that ATR was not 190 fully activated, which has also been suggested by others (31). 191 has not yet been unequivocally determined. 259
260
Unlike ATR-ATRIP, Rad9 is excluded from chromatin at MVM replication compartments. 261
Chk1 activation requires not just ATR/ATRIP loading onto chromatin, but also loading of 262 the 9-1-1 clamp onto free 5' ends of DNA by the Rad17-RFC complex (11, 59). To examine 263 whether known 9-1-1 complex constituents associated with chromatin during MVM infection, we 264 performed chromatin fractionation experiments. The efficacy of our fractionation procedure was 265 confirmed by assaying for the presence or absence of chromatin associated histone H3 (data 266 not shown), which was then used as a control for equal loading of chromatin associated proteins 267 ( Figure 3A) . and data not shown), we consistently detected reduced chromatin association of Rad9 during 283 infection ( Figure 3A , lane 2). Under these conditions the low levels of Rad9 present appeared to 284 migrate faster, possibly due to reduced phosphorylation. In contrast, HU treatment resulted in a 285 slight increase in Rad9 association with chromatin ( Figure 3A , lane 3), as has been previously 286 reported with other genotoxic agents (66, 67) . 287
We also examined localization of these proteins and potential association with chromatin 288 by immunofluorescence. MVM infected 324K cells were pre-extracted to remove non-chromatin 289 associated proteins and probed for RPA and Rad9. Control cells were treated with HU. Similar 290 to the results obtained by western blotting, we detected increased amounts of detergent-291 resistant RPA following MVM infection which co-localized with NS1 at viral replication 292 compartments in the nucleus ( Figure 3B ). HU treatment also led to increased chromatin 293 on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from association of RPA at foci distributed throughout the nucleus ( Figure 3B ). In contrast, while HU 294 treatment resulted in increased chromatin association of Rad9 at foci distributed throughout the 295 nucleus, neither mock infection, nor MVM infection, led to an increase in the association of 296 Rad9 with chromatin ( Figure 3B ). Thus during MVM infection and unlike ATR/ATRIP, Rad9, an 297 essential component of the 9-1-1 complex, was not efficiently loaded unto chromatin, which 298 could explain why Chk1 was not activated during MVM infection. Whether the virus actively mis-299 localizes Rad9 or whether it is merely a consequence of the absence of exposed 5' DNA ends 300 in viral replication compartments is currently being investigated. 301 302
Stalling of MVM replication early in infection triggers Chk1 phosphorylation. 303
Having shown that Chk1 was not phosphorylated during MVM infection, we performed 304 time course experiments (data not shown) to determine whether MVM infection affected Chk1 305 activation in response to agents that stall replication forks and are known to induce ATR-Chk1 306 activation. As mentioned previously, HU treatment depletes dNTPs from cells causing cellular 307 replication forks/complexes to stall (44). Consistent with its role in inhibiting cellular replication 308 fork progression, and the known reliance of MVM on host polymerases for its replication, we 309 have found that treatment of MVM infected cells with HU inhibits progression of MVM replication 310 (data not shown). Surprisingly, treatment of infected cells with HU at early time points (15h-18h) 311 following infection resulted in marked increase in Chk1 phosphorylation compared to mock 312 infected cells ( Figure 4A , compare lanes 2 and 4). This effect was not seen at later time points 313 (see Figure 5 , described below). Similar results are also apparent as part of the experiment 314 shown in Figure 4B (Fig. 4B, lanes 1 -4) . The low levels of Chk1 phosphorylation following HU 315 an association with available, yet stalled, viral replication strands/complexes. 348
In the experiments described above, as there was detectable NS1 expression we could 349 Figure 4D, compare lanes 1 and 2) . Total RPA32 levels 364 were also increased for reasons not yet clear, however, overall DDR signaling in response to 365 aphidicolin treatment (as evidenced by H2AX phosphorylation) was similar under both 366 conditions. We note that within 4 hours after release from the aphidicolin block, viral replication 367 resumed/commenced and both Chk1 and H2AX phosphorylation was lost (data not shown), following MVM infection, there was slight but detectable phosphorylation of ATR at this site; 428 however, by 24 hpi, phosphorylation of ATR at T1989 was undetectable ( Figure 6C, lanes 2, 3) . 429
As also mentioned above, there was an increase of total ATR immunoprecipitable from the 430 chromatin fraction of both MVM infected and HU treated 324K cells ( Figure 6C, lanes 2, 3 & 4) , 431 while mock treated cells displayed little ATR association with chromatin ( Figure 6C, lane 1) . 432
Thus, during MVM infection, even though there was an increase in total ATR associated with 433 chromatin, it either failed to be autophosphorylated at T1989, or its phosphorylation could not be 434 replication centers (APAR bodies). ATR and ATRIP were associated with chromatin upon 444 fractionation; whether the association is to viral DNA, cellular DNA, or both is currently under 445 investigation. Such re-localization was not surprising because ATRIP binds to RPA, bulk RPA is 446 known to be redistributed to APAR bodies, and in this paper we have shown that redistributed 447 RPA is chromatin-associated. However, Rad9, an integral component of the 9-1-1 complex, was 448 not loaded onto chromatin. Absence of Rad9 loading onto chromatin could fully account for a 449 failure to activate Chk1. 450
A similar mechanism involving failure to recruit the 9-1-1 complex was recently reported 451 to occur during HSV-1 infection (84). In this case the viral single stranded DNA binding protein 452 (ICP8), and the helicase/primase complex (UL8/UL5/UL52) compete with the 9-1-1 complex for 453 binding to free 5' DNA. Rad9 is essential for recruitment of the ATR activator TOPBP1 and, in 454 preliminary experiments we could not detect TOPBP1 association with chromatin fractions (data 455 not shown). Exactly why Rad9 is not recruited is not clear. Rad9 is loaded onto primer-template 456 junctions with exposed 5' ends (13, 14, 85) . This structure is commonly found at lagging 457 strands, and would require a re-priming event to occur on leading strands (11, 59). If parvovirus 458 replicating DNA is the primary source of the virus-induced DDR it may fail to generate exposed 459 5' ends at stalled forks because its single stranded genome undergoes a leading-strand 460 displacement, rolling circle-type replication (73, 86) . If this were the case all parvoviruses should 461 fail to induce Chk1 activation; however parvovirus B19 and MVC have been reported to do so 462 pathway is not activated during MVM infection is currently under investigation. Since 518 ATR/ATRIP is recruited to MVM replication compartments, it would be interesting to determine 519 whether ATR might play a structural role at those sites during MVM infection and to investigate 520 potential inhibitory effects of ATR kinase or Chk1 kinase activity. 521
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We thank members of the Pintel lab for helpful advice and discussion, and Lisa Burger 526 for expert technical assistance. were treated with 1mM hydroxyurea (HU) for 12 hrs or 150 ng/ml of Neorcazinostatin (NCS) for 801 1 hr. Cells were harvested and processed for western blotting using antibodies directed against 802 the indicated proteins. B) Human 324K cell lines were treated as mentioned above for A9 cells. 803
Cells were harvested and RIPA lysates were blotted using antibodies directed against the 804 indicated proteins. 805 were pre-extracted with cytoskeleton buffer, fixed and stained using antibodies directed against 811 the indicated proteins. Nuclei were visualized by DAPI staining. Co-localization with NS1 in 812 infected cells with detectable APAR bodies was around 60% (ATR) and 90% (ATRIP). 813 
